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MAGNETIC PROPERTIES OF IRON AT FREQUENCIES
UP TO 200,000 CYCLES

BY E. F. W. ALEXANDERSON

The measurements of magnetization, core loss and skin effect
of iron at high frequencies described in the following were
undertaken partly in order to get data for predetermining the
core loss and magnetic densities in high frequency alternators
and partly in order to investigate che possible usefulness of iron
for transformer construction at high trequencies.

DESCRIPTION OF APPARATUS
The generator used for producing 200,000 cycles is sub-

stantially of the same type as the 100,000-cycle alternator de-
scribed by the author in a paper before this Institute in June,
1909. The 200,000-cycle alternator was designed primarily
for the purpose of wireless telegraph and telephone service,
particularly in connection with small antennae used for trans-
mission over moderate distances, where the natural frequency is
higher than it is in high antennae intended for long distance
work. The output that can be obtained from a generator of a
certain physical size decreases with the frequency or, vice versa,
increases with lower frequencies, which is a fortunate circum-
stance inasmuch as the power needed for short distance trans-
mission in relatively small, whereas, long distances require a
greater amount of power and a lower frequency.

In the design of the alternator for 200,000 cycles some new
difficulties were encountered. The size of slot used in the 100,000-
cycle alternator is almost as small as it is practicable to use,
if an adequate insulation is to be provided for a normal operating
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potential of 110 volts and a high potential test of 750 volts.
It was found possible to increase the number of slots from 600
to 800, retaining the same insulation, but beyond that it seemed
that any increase in frequency must be obtained by an increase
in speed. It appeared that the factor of safety of the material
would allow a certain increase of speed, but there was another
consideration which made the increase of speed almost prohibi-
tive; the air friction. From measurements made on the 100,000-
cycle alternator the law for the variation of the air friction with
the speed has been determined, and it was found by plotting the
results on a logarithmic scale that all the measured points within
the whole range of speed where measurements could be made,
fall on a straight line, indicating that the air friction is an
exact function of the 2.7th power of the speed. The air friction
of a 12-in. (31 cm.) disk at 20,000 rev. per min. is 5 kw. and hence
a general formula is found for the air friction.
On a 12-in. disk;

2@7

Air friction in kw.=0.76 ( v10. 0perm )

Hence it was found that the speed needed for 200,000 cycles on
the above assumption would require a power to be dissipated
in air friction of 15 kw. which would be excessive particularly
from the point of view of heating.
The 200,000-cycle alternator which has been developed has

800 slots but the machine runs at the same speed as the 100,000-
cycle alternator, 20,000 rev. per min. The winding has one
conductor per slot, insulated in the same way as the 100,000-
cycle machine but the winding is of a special type so that 800
slots give the equivalent effect of 1200 poles. It generates
90 volts at no load.

SYSTEM FOR MEASUREMENT
Inasmuch as the principal object of this test was to ascertain

the core loss in the iron, it was necessary to find a way of making
wattmeter measuremeinits. The ordinary hot wire instruments
have been found very reliable for measuring amperes and volts
at high frequencies but a wattmeter for such frequencies does
not exist. However, it might be possible to construct such an
instrument applying the a2 - b2 principle to the hot wire meter.
For these core loss measurements another method was adopted
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which required no special instruments. The principle of the
method is the following:
A compound circuit is formed of the sample coil, a bank of

condensers, and a variable inductance. The relation of the
capacity to the inductance is varied until the volt-amperes input
through the combination becomes a minimum for a constant
value of current in the sample coil. The minimum input
indicates the changing point from leading to lagging current of
the combination and consequently the input represents the
watts consumed by the group. The iron core is then removed
and the same measurements of minimum input is made with the
remaining air circuit. This second measurement represents
the loss in all the auxiliary apparatus and wiring, and the dif-
ference between the two measurements is the watts core loss
in the iron sample.

In following out this principle it must be observed that any
presence of higher harmonics in the measured circuit might give
a certain amount of wattless current even at the point of mini-
mum input and any such disturbance must be eliminated. For
this purpose the alternator was connected in series with a
variable condenser which was in every case adjusted so as to
give maximum current output for any given field excitation.
In this way the harmonics were eliminated by tuning, so
that a comparatively pure sine wave was delivered to the test
circuit.

In arranging the test circuit there was a choice between con-
necting the condensers in multiple to the sample coil and tuning
for minimum current input or connecting the condensers in
series with the sample and tuning for minimum voltage input.
Out of these two alternatives the second proved to be more con-
venient and was used throughout. The accuracy of the method
was ascertained by substituting a known resistance in the place
of the sample coil and checking the measured input to the same
with the calculated 12 R loss. The results agreed within the
errors of measurement. The arrangement of the test circuit
employed is shown in Fig. 1. The sample coil is connected
in series with a bank of condensers of one microfarad each, ar-
ranged in series, and a variable inductance consisting of a fine
insulated wire about 1.5 meters along which was wound or un-
wound on a cylinder of wood about two cm. in diameter. This
type of variable inductance was preferred to the one of the
ordinary laboratory type where a blank wire is gradually rolled
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from an insulated to a conducting cylinder. It is of importance
that no change be made in the losses in the auxiliary apparatus,
because the core loss in the sample is determined by subtracting
the losses in the apparatus from the total losses in the combina-
tion. The current was measured by a three-ampere hot wire
meter with all the current flowing through the hot wire and the
voltage was measured by a hot wire voltmeter with a full scale
deflection corresponding to 0.23 amperes. Inasmuch as the
series resistances of the voltmeter were originally made for
ordinary frequencies it might be questioned whether they are
sufficiently non-inductive for accurate readings on high fre-
quencies. The tests made to ascertain this point indicate how-
ever that there is no measurable error even at 200,000 cycles.
In the first place the readings of the voltmeter are proportional
to the speed of the alternator

200000 CYCLEover the whole range of speed _ ALTERNATOR
in which the machine can be oper- CONDENSERS
ated. For additional assurance

AMMETERAA

it was tried to eliminate any VLMT
possible inductance in the volt-
meter by connecting it in series CONDENSER SAMOPLE
with a variable condenser, and
it was found that the maximum C2o
reading was obtained without VARIABLE INDUCTANCE

the condenser and that the
FIG. 1.-Arrangements forreadings decreased first slowly measurements

and then rapidly when the im-
pedance of the condenser was increased.
The sample coil consisted of a ring 2 in. (5.1 cm.) in diameter

made up of 10 turns of a soft iron strip 0.003 in. thick and
0.75 in. wide (0.0076X1.9 cm.). The layers of the strip were
separated by thin paper. The winding was made of 0.016
silk covered wire with two wires in multiple and 20 turns in
series.
The test comprised two sets of measurements:

Skin effect measurements;
Core loss measurements.

This skin effect measurements consisted in determining the
apparent permeability of the iron at various frequencies and
densities by observing the volts and amperes at the terminals
of the sample coil. The complete sets of observations at various
frequencies are given in Table I.



19111 ALEXANDERSON: IRON AT 200,000 CYCLES 2437

TABLE I
SKIN EFFECT MEASUREMENTS

Bmax Effective
lines per ampere turns per

Frequency Amperes Volts cm2 cm.

40,000 1.8 8.2 1550 2.25
1.64 7.4 1440 2.05
1.48 6.7 1300 1.85
1.28 5.2 1010 1.6

60,000 2.02 12.8 1650 2.53
1.88 11.3 1460 2.35
1.74 10.2 1320 2.18
1.33 7.2 930 1.66

80,000 2.37 18.4 1780 2.97
2.14 15.3 1480 2.68
1.82 12.3 1190 2.28
1.48 9.2 890 1.85

100,000 2.46 20.4 1580 3.08
2.06 16.2 1260 2.58
1.64 11.5 890 2.05
1.27 8.4 650 1.59

120,000 2.38 21.8 1410 2.98
2.14 18.0 1160 2.68
1.83 14.3 925 2.29
1.38 10.2 660 1.73
1.6 11.9 770 2.0

140,000 2.29 22.0 1220 2.86
1.94 17.3 960 2.43
1.69 13.7 760 2.11

160,000 2.26 22.6 1090 2.83
2.00 19.0 920 2.5
1.69 14.7 710 2.11
1.37 11.3 550 1.71

180,000 2.32 24.8 1070 2.9
2.20 22.8 885 2.75
1.91 18.4 790 2.39
1.50 13.5 580 1.88
1.25 10.5 450 1.56

200,000 2.34 26.1 1010 2.93
2.04 21.3 820 2.55
1.67 16.4 635 2.09
1.27 11.5 446 1.59

The method of procedure during the core loss measurements
was as follows:
The alternator was held at constant speed and the outside

condenser C, was tuned so as to give maximum current for that
particular frequency, The voltmeter connection was then
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moved along the bank of condensers C2 until the point was
found which gave approximately minimum volt reading. The
variable inductance was then wound or unwound until the exact
minimum point was found. With this adjustment of the cir-
cuit, a continuous series of readings was taken by varying the
field strength of the alternator and noting the volts and am-
peres input to the test circuit. The sample coil was then short
circuited and another tuning of the auxiliary circuit undertaken
leaving the voltmeter connection in the same place but in-
creasing the variable inductance by winding up the wire until
the minimum volt reading was found. The same procedure
was repeated at each of the various frequencies from 40,000 to
200,000 cycles. The complete data as obtained from tests is
given in Table II.

TABLE II
CORE LOSS MEASUREMENTS

.__
Minimum Minimum volt Minimum Effective ampere

Frequency Amperes volt total auxiliaries volt coil turns per cm.

40,000 1.96 8.4 0.53 7.9 2.45
1.87 7.4 0.48 6.9 2.34
1.77 7.0 0.43 6.6 2.21
1.52 5.1 0.32 4.8 1.9
1.23 3.9 0.20 3.7 1.54

60,000 2.08 10.5 0.8 9.7 2.6
1.92 9.2 0.68 8.5 2.4
1.78 8.2 0.59 7.6 2.23
1.63 7.2 0.49 6.7 2.04
1.31 5.1 0.32 4.8 1.64
1.06 4.1 0.21 3.9 1.33

80,000 2.32 15.2 1.2 14.0 2.9
2.18 13.7 1.06 12.6 2.73
2.05 12.1 0.94 11.2 2.56
1.80 9.5 0.72 8.8 2.25
1.60 8.2 0.57 7.6 2.0
1.33 6.5 0.4 6.1 1.66
1.08 4.9 0.26 4.3 1.35

100,000 2.29 16.5 1.68 14.8 2.88
2.02 13.4 1.31 12.1 2.53
1.76 11.0 1.0 10.0 2.20
1.61 9.3 0.83 8.5 2.01
1.33 7.4 0.57 6.8 1.66
1.06 5.3 0.36 4.9 1.32

120,000 2.44 19.0 1.54 17.5 3.05
2.26 17.1 1.3 15.8 2.82
1.94 13.7 0.97 12.7 2.43
1.65 10.5 0.70 9.8 2.06
1.39 8.4 0.50 7.9 1.74
1.12 6.6 0.32 6.3 1.4
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TABLE II-CONTINUED

Minimumn Miinimum volt Minimum Effective ampere
Frequency Amperes volt total auxiliaries volt coil turns per cm.

140,000 2.24 17.8 1.46 16.3 2.8
2.01 14.9 1.18 13.7 2.52
1.67 11.4 0.81 10.6 2.09
1.34 9.0 0.52 8.5 1.68
1.08 7.0 0.34 6.7 1.35
1.79 12.7 0.96 11.7 2.24
2.20 17.6 1.42 16.2 2.75

160,000 2.75 26.9 3.1 23.8 3.44
2.67 26.5 2.92 23.6 3.34
2.40 22.5 2.37 20.1 3.0
2.16 19.0 1.92 17.1 2.7
1.89 15.3 1.46 13.8 2.36
1.53 11.5 0.96 10.5 1.91
1.26 9.0 0.65 8.4 1.58
1.12 7.7 0.51 7.2 1.4

180,000 2.38 22.8 2.62 20.2 2.98
2.50 24.8 2.9 21.9 3.13
2.25 21.4 2.34 19.1 2.81
1.95 17.4 1.76 15.6 2.44
1.68 13.7 1.3 12.4 2.10
1.32 10.1 0.81 9.3 1.65
1.04 7.6 0.5 7.1 1.30

200,000 2.32 23.1 2.4 20.7 2.9
1.93 17.6 1.66 16.0 2.41
1.75 15.1 1.36 13.7 2.19
1.52 12.6 1.03 11.6 1.9
1.19 9.2 0.63 8.6 1.49
0.98 7.4 0.44 7.0 1.22

For the sake of completing the data the same sample coil was
tested at 1740 cycles and at 60 cycles in order to ascertain the
permeability and core loss at lower frequencies. In these two
sets of measurements a dynamometer was used for determining
the core loss.
Although the apparatus described above for measurements at

high frequencies was convenient to use and worked with all the
accuracy that could be desired, it was found rather difficult in
the beginning to get consistent measurements that could be
reproduced. The quantity that was difficult to control was the
actual properties of the iron due to the rapid changes in tempera-
ture. The skin effect or apparent permeability as well as the
core loss is a function of the specific resistance, which on the
other hand varies with the temperature. In order to maintain
constant temperature the sample core was immersed in oil,
however, the heat radiation was not as rapid as might be desired
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because the coil, in order to give a closed magnetic circuit was
solidly wrapped in tape. At the highest densities and the
highest frequencies that were used the heating of the iron was so
rapid that the apparent permeability could be observed to
increase about 20 per cent after the circuit was closed, the whole
change taking place in about half a minute.
The following corrections of the measured results have been

considered but it was concluded that none was of a magnitude
that would be worth taking into account.
The inductance of the air circuit surrounding the winding

of the coil.
Resistance of the winding.
Error due to current absorbed by the voltmeter.
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FIG. 2.-Saturation and core loss at 60 cycles

In order to ascertain the inductance of the air circuit of the
coil wimding an identical sample coil was made up with a paper
core instead of the iron core. The inductance was, however,
too low to be measured. Similarly it was found that the re-
sistance could be neglected. The correction for the voltmeter
current might be considered appreciable being about 4 per cent,
however, considering the possible variations of several times
this amount due to heating all efforts were bent to produce
measurements which are consistent with each other rather than
to correct the absolute quantities. The sets of readings given
in Tables I and II are the results after several less successful
attempts. The method finally adopted in taking the readings
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was to complete all the tuning, then let the coil cool and take
the readings rapidly, closing the circuit only for a moment at a
time.
The data represented by curves in Fig. 2 to Fig. 11, inclusive,

are obtained from the test results given in Tables I and II in
combination with some other tests made with a 100,000 cycle
alternator in order to reach the intermediate frequencies.

Figs. 4 to 7 inclusive, give the data on magnetizing current and
skin effect, whereas Figs. 8 to 11 inclusive, give the data on core
loss. Fig. 5 gives the magnetization of the iron in the same form
as ordinary alternating current saturation curves, one curve

0.9 __ 2_ :_ /_ __ __ _

~02 4- -K- -_

10 5

0.9 X,:_0. 4

D .-
F- o

~0.5cx

0 05 1 15 2 22 3
EFFECTIVE AMPERE TURNS PER CM.

FIG. 3.-Saturation and core loss at 1,740 cycles

being drawn for each frequency. The curves in Fig. 6 show the
decrease of the apparent magnetic densities with increasing
frequency; in other words, the skin effect. Fig. 7 gives the
magnetizing current in a form which is most useful for the
purpose of design. Each curve represents a constant value of
effective volts induced by a cross section of one square centi-
meter of the core. The curves show that, in spite of the skin
effect, the magnetizing current needed to produce the same in-
duced voltage decreases continually with increasing frequency.
Fig. 11 gives the core loss in a similar form, each curve repre-
senting a constant value of volts produced per square centimeter
of the core. The core loss, like the magnetizing current, de-
creases with increasing frequency.
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CONCLUSIONS
As a conclusion from these tests it may be stated that the

opinion held quite extensively that iron does not respond to high
frequencies is entirely without foundation. The iron not only
responds but it seems to have the same permeability at 200,000
cycles as at7-60 cycles. The apparent permeability of the iron in

r,
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FIG 4.-Induced volts at constant ampere turns and varying frequency

the sample which was tested is only about one-tenth as great
at the high frequencies as at the low frequencies but the decrease
of the apparent permeability is substantially in agreement with
the change that would be expected from purely theoretical con-
siderations due to the skin effect, which indicates that the actual
permeability has remained unchanged,
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In order to apply Steinmetz's formula for skin effect:

Penetration, 1=- 3570 *

vx Xl~~~~~~~~I IA f
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EFFECTIVE AMPERE TURNS PER CM.

FIG. 5. Alternating cuirrent saturation curves

The followxing constants may be used as average values for
the sample

Permeability, ,u = 2,250

Conductivity, )X = 0.9 X 105

*Transient Electric Phenomena and Oscillations,
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Hence penetration at 200,000 cycles should be

l=O0.00056 cm.
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FIG. 6.-Apparent densities at constant ampere turns and varying
and v ifrequency
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FIG. 7.-Magnetizing current at constant volts per turn
and varying frequency

The data from the tests give
Average permeability at low frequency .......2250
Average apparent permeability at 200,000 cycles.... 180

Hence penetration =0.0076 X -1 X 180 . 0.0003 cm.
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FIG 8- Core loss at constant frequenlcies and varying ampere turns
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FIG. 11.-Core loss at constant volts per turn and varying frequency
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The discrepancy between the measured and calculated values
of the penetration is probably due to the fact that the coil has
not a completely closed magnetic circuit, but depends upon
the leakage from turn to turn of the laminations, whereby an
additional skin effect is created.
The data on the magnetic properties of iron at high frequencies

may be of more interest if it can be shown that iron may actually
be useful in the construction of apparatus for such frequencies.
Its usefulness may be claimed to be already demonstrated in as
far as the construction of a 200,000 alternator would have been
impossible without an iron armature. There is however, a
generally accepted opinion that transformers for high fre-
quencies cannot be made with iron core. On the other hand there
is a well known rule that transformers for ordinary frequencies

TABLE III
DESIGNS OF FIVE-KW. TRANSFORMER AT VARIOUS FREQUENCIES

iFrequency.............. 60 1740 10000 50000 100000 200000
Dimension of core, cm .. 4.65 2.51 2.41 2.14 2.06 2.0
Weight, kg .19.5 3.05 2.7 1.9 1.7 1.5

Volts per turn 00Volts p e r 0turnj04 0.47 0.56 0.92 1.08 1.22Per c2of iron
Core loss. 120 156 92 56 54 52
12 R ................... 450 70 62.4 44 39 35
Efficiency ............ .. 90 96 97 98.1 98.2 98.3
Per cent magnetizing cur-

rent ................. 5 5.6 2.9 1.73 1.5 1.3

are lighter and more efficient at the higher frequencies. In
order to examine the usefulness of iron for transformer design
from the point of view of this rule a series of transformer designs
have been made on the basis of the measurements of the skin
effect and core loss. It might be expected that there would be
found a turning point in the usefulness of iron, but actually it
appears that the rule holds true at 200,000 cycles and probably
a good deal higher.
The series of transformer designs shown in Table III is made

on a purely theoretical basis so as to illustrate the magnetic
properties of iron on a uniform plan. Considerations that would
be involved in a practical design such as insulation and capacity
between turns have been left out entirely. All the designs have
the same proportions of core and winding space and the heating
is figured uniformly on the basis of one watt per square inch
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(0.156 watt per cm.2) for radiation of the core loss from the
surface of the iron. The insulation between laminations has
been assumed to be one-half of the thickness of the sheet. The
current density in the winding is assumed to be 3000 amperes per
square inch (470 amperes per cm2) the copper occupying one-
third of the winding space. The calculations show that the
200,000--cycle transformer has an astonishingly low weight
and is very efficient, whereas, the 60 cycle transformer built on
the same proportions is too inefficient to be acceptable and al-
though it weighs twelve times as much as the 200,000-cycle trans-
former it should weigh a good deal more in order to reach a rea-
sonable efficiency. It should also be noted that the 200,000-
cycle transformer, in spite of its skin effect, has a magnetizing
current of only 1.3 per cent, whereas the magnetizing current
would be about 40 per cent if the core was removed. These
figures are not given in order to advocate the use of iron trans-
formers to the exclusion of air core transformers for special
purposes where such apparatus is used but are simply intended
to show that high frequency transformers can be built with
iron and would compare very favorably in weight and efficiency
with transformers for ordinary frequencies.


